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Abstract

A low power polychromatic beam of microwaves is used to diagnose the behavior of
turbulent fluctuations in the core of the JT-60U tokamak during the evolution of the
internal transport barrier. A continuous reduction in the size of turbulent structures is
observed concomitant with the reduction of the density scale length during the evolution
of the internal transport barrier. The density correlation length decreases to the order of
the ion gyroradius, in contrast to the much longer scale lengths observed earlier in the
discharge, while the density fluctuation level remain similar to the level before transport

barrier formation.



A milestone in the understanding and control of turbulent transport was the discovery of
the High confinement regime (H-mode) in the ASDEX device [1]. The H-mode is
characterized by a sudden reduction of thermal diffusion in a thin layer known as a
transport barrier near the periphery of the toroidal plasma column. The formation of the
transport barrier is correlated with a reduction in the turbulent fluctuations and turbulence
induced transport. More recently, further improvement in the stored energy of magnetic
confinement systems has been achieved through the spontaneous development of internal
transport barriers [2]. Unlike the plasma edge, much less is known about core transport
barriers, principally due to the difficulty of turbulence measurements in the central region
of the discharge. The specific mechanism for the activation and evolution of core
transport barriers is still poorly understood, although indirect evidence suggests a key
role played by ExB velocity shear, Shafranov shift and reversed magnetic shear [3-7] in

suppressing turbulence induced transport.

One method with the potential to probe turbulent fluctuations in the plasma core is
correlation reflectometry, where multiple microwave beams are launched into the plasma
and reflected from density irregularities at different plasma radii [8. 9]. The diagnostic
method (analogous to Ionosonde in ionospheric research [10]) uses the pattern of waves
reflected from turbulence near a cutoff layer to extract information on the structure of the
turbulent eddies. In this paper we report on the direct measurement of the radial
correlation length of core turbulence during the evolution of the internal transport barrier

in the JT-60U tokamak [11, 12] using the method of reflectometry. The measurements



employ the simultaneous reflection of multiple microwave beams from the plasma core,
together with full wave simulations [13-15] in the real plasma geometry in order to infer

the scale length and magnitude of density fluctuations during transport barrier evolution.

Microwaves in the frequency range 115-140 GHz are launched into the JT-60U device
along the toroidal plasma midplane. The microwaves are launched in the X-mode
(microwave electric field polarized perpendicular to the plasma magnetic field) so that
the reflecting layer is determined by a combination of the magnetic field strength and the
plasma density [16]. The full wave simulation of the scattered electric field intensity in
the real JT-60U plasma geometry is illustrated in Fig. 1a. The waves scatter from density
irregularities near the reflecting layer and returns to the launching antenna, establishing a
standing wave pattern in the electric field. Figure 1b is a magnified view of the reflecting
region showing the standing wave pattern of incoming and outgoing waves in the
presence of density fluctuations. The density fluctuations are generated using an ad hoc
model based on a random distribution satisfying a given two-point correlation function

with a predetermined poloidal and radial scale length and fluctuation magnitude [13, 15].

The JT-60U device has achieved the highest equivalent fusion power performance to date
through the use of internal transport barriers that expand out to large radii in the plasma
column. Internal transport barriers tend to form in discharges where the plasma current
profile is broadened or peaked away from the plasma center (or magnetic axis). The
broadening of the current profile can be achieved by increasing the inductance of the core

plasma through early preheat using neutral beam injection, and by ramping the plasma



current up rapidly [11]. Such discharges exhibit spontaneous transitions to states of

enhanced core confinement.

Figure 2 shows an example of a discharge exhibiting a transition to enhanced core
confinement. The bifurcation in the energy transport is seen as a sudden increase of the
core ion temperature during high power neutral beam injection starting at 5.05 s. The
transition is followed by the evolution of very flat density and temperature profiles in the
central region of the discharge, together with a very steep pressure gradient separating the
core from the outer region of the plasma. The trajectory of the reflecting layer for a 115
GHz microwave beam propagating along the plasma midplane is indicated by the

intersection of the red arrow in Fig. 2¢ with the density profiles shown at different times.

At the start of high power neutral beam injection the reflecting positions of the
microwaves occur in the range 0 - 0.25 m from the plasma center for the discharge shown
in Fig. 2. Figure 3 displays the evolution of the radial correlation length of reflected
waves from the plasma core at different times and at different radii following high power
neutral beam injection. The spectrum of reflected waves is shown in Fig 3a. The
symmetry of the spectrum indicates very good alignment of the incident and reflected
waves to the reflecting surface. These discharges were also carefully chosen to be free of
any contamination on the reflected signal from MHD activity. Figure 3b shows a
continuous reduction of the radial correlation length of the reflected waves from just after
high power neutral beam injection through to the fully formed transport barrier. Figure 3¢

shows a strong (linear) correlation between the radial correlation length obtained from the



raw reflectometer data and the density scale length inside the steep pressure gradient
region of the internal transport barrier. The data indicates that the reduction in the radial
correlation length is concomitant with the reduction of the pressure scale length inside the
transport barrier. Also note that the ion temperature is approximately constant along the

trajectory of the reflecting layer in this discharge.

The initial radial decorrelation of the turbulent fluctuations (between t=5.10 s to 5.35 s in
Fig. 3b) takes place well before the observation of steep pressure gradients in the fully
formed transport barrier. The initial decorrelation starts almost immediately after high
power neutral beam injection at 5.05 s. One remarkable feature of this data is the very
long radial scale lengths (> 20 cm) observed in the fluctuations before and immediately

after high power neutral beam injection.

For the quantitative interpretation of the fluctuation magnitude and radial correlation
length we use a full wave code that has been validated through detailed benchmarking to
Langmuir probe measurements in laboratory plasmas [13, 15]. The full wave analysis is
performed at two times in the evolution of the discharge, the first just before the injection
of high neutral beam power and the second at the time of the fully formed transport
barrier (corresponding to the curve at 6.12 s in Fig 3b). Figure 4a shows experimental
correlation data (red squares) together with simulation results for data taken before the
start of high power neutral beam injection. The measured correlation length before high
power beam injection extends across the entire central region of the plasma, so that the

correlation length is of the order of the local minor radius. From 1-D and 2-D full wave



simulations, the measurements are consistent with a radial correlation length A, = 20 cm
and a density fluctuation level dn/n=5x10* within 10 cm of the magnetic axis. An
important result from the 2-D full wave simulations is that the inferred radial correlation
length and local fluctuation level are only weakly dependent on the degree of anisotropy
(poloidal wavelength) of the model fluctuations. For a central ion temperature of 5 keV
this gives an inferred radial fluctuation scale length of k,p;= 0.03 (where p; is the thermal
ion gyroradius and k, = 2/A, for a Gaussian radial correlation function). The radial scale
length for these broadband fluctuations is much greater than the typical scale length

(k,p= 0.1-0.5) expected for Ion Temperature Gradient (ITG) driven turbulence.

In contrast, Figure 4b shows the correlation data obtained in the steep pressure gradient
region of the fully formed internal transport barrier at 6.12 s in discharge E32844. The
best fit to the data from 1-D and 2-D simulations is obtained for a radial density
correlation length of approximately 4 mm and a local fluctuation level of =0.5%. Note
that the fluctuation level is approximately a factor of two higher than measured at a
similar minor radius on the high field side of the magnetic axis immediately before high

power neutral beam injection.

Modeling analysis reveals that the measurement is actually very close to the resolution
limit of the diagnostic as indicated by the innermost curve corresponding to A, = 2.5 mm
(dashed line in Fig. 4b). Thus, we do not preclude the possibility that the actual radial
correlation length of turbulence in the transport barrier may be shorter than 4 mm. The

radial scale length of 4 mm corresponds to k,p;= 1 for an ion temperature of 5 keV in the



center of the transport barrier. The scale length is barely two ion gyroradii or less,
suggesting that the dominant drive for these fluctuations is not coming from the ion

temperature gradient but from the trapped electron population for drift type modes. [17]

Figure 5 shows the radial profile of the inferred density fluctuation level from microwave
reflectometer measurements together with the calculated linear growth rate for drift wave
type modes obtained using the FULL local microinstability code [17]. Analysis is shown
at two times in the discharge for Fig. 5a and Fig. 5b corresponding to the timing of Fig 4a
and Fig 4b respectively. Note that the absolute level of density fluctuations is relatively
similar at the two times at the radius (r=+0.3 m) corresponding to the position of the
internal transport barrier. Two linear growth rate profiles from the FULL code are
displayed below the reflectometer data, one with and the other without the effect of ExB
shear. A key result from the linear stability analysis is that the growth rate is not fully
suppressed by the ExB velocity shear however the location, width and strength of the

instability drive is affected by the presence of ExB shear.

An important observation is the apparent similarity of the density fluctuation level in the
target and fully developed internal transport barrier plasmas at the minor radius r = £30
cm. Suppression of the fluctuation level has been seen in other experiments at the
transition to enhanced core confinement; however fluctuation levels have also been seen
to increase after the transition [18, 19]. For this reason, the relation between fluctuation
suppression and barrier formation is still not entirely clear. For simplicity, let us suppose

that the fluctuation magnitude can be related to the radial correlation length using the



mixing length assumption dn/n= A,/L,, in the strong turbulence regime [20] and dn/n=
(Vu/Aw)"*(AJL,,) in the weak turbulence regime [21]. Here, L,, is a macroscopic scale
length (typically a combination of the density and temperature scale lengths) and A, is the
fluctuation radial correlation length. In both the strong and weak turbulence regimes, the
reduction in the radial correlation length could occur without much reduction in the
fluctuation magnitude so long as the density gradient scale length is simultaneously
decreasing. Note that the ratio of the radial correlation length to the density scale length
is approximately constant inside the transport barrier (see Fig. 3c) so that the weak
variation of the fluctuation level is consistent with mixing length arguments. Indeed, for a
radial correlation length of 4mm (Fig. 4b) and a density scale length of 10 cm (Fig. 3c at
6.12 s), then the observed density fluctuation level of 0.5% is in good quantitative

agreement with mixing length estimates in the strong turbulence regime.

It is interesting that a finite fluctuation level is also observed in edge transport barriers
(H-mode plasmas) at or near the pre-barrier fluctuation level with short scale features of
the order of the ion poloidal gyro-radius [7]. Note that the Ion Temperature Gradient
(ITG) drive is predicted to be weak compared to the Trapped Electron (TE) drive for the
short scale features observed in the steep pressure gradient region of the internal transport
barrier in JT-60U. The effect of a transition from ITG drive at large scales to TE drive at

short scale needs further investigation.

The large reduction in the turbulent correlation length may indicate a concomitant

reduction in the anomalous diffusivity inside the JT-60U transport barrier. A large



reduction in the thermal and particle diffusivity has indeed been inferred in similar
discharges from power balance considerations [11]. Note however that a diffusion
coefficient can decrease without a net decrease in the radial anomalous flux so long as the
plasma gradients increase on the same time scale. Therefore, we cannot make a definitive
statement regarding transport flux reduction from the available data. A more definitive
conclusion on flux reduction will require the direct measurement of key plasma quantities
that appear in the expression of the anomalous radial flux such as the potential
fluctuations, poloidal wave number spectra, as well as the cross phase between potential
and density fluctuations. Obtaining direct measurements of these quantities presents a

grand challenge to experimental fusion science.

An interesting observation in the data is that the radial correlation length before transport
barrier formation is of the order of the local minor radius (=20 cm) before injection of
high power neutral beams, which suggests that a purely local description of turbulence is
quite inadequate in these regions. Also the scale length greatly exceeds the range
expected for drift type modes. This may indicate that the broadband feature in the plasma
core is something other than drift waves, but so far there is no model known to the
authors that can account for such large-scale features. Another non-local effect may be
occurring inside the steep pressure gradient region of the fully formed transport barrier.
From Figure 5b, it is apparent that the growth rate from the FULL code analysis with
ExB shear peaks at the foot of the transport barrier and is negative in regions where
fluctuation are observed with the reflectometer. This suggests that a process of turbulence
spreading may be occurring from linearly unstable to linearly stable regions inside the

transport barrier [22].



Much work still needs to be done in order to construct a detailed picture of transport
barrier dynamics in fusion plasmas. On the experimental side many more microwave
beams are needed than are currently employed in any existing experiment to fully
characterize the evolution of fluctuations across the core plasma profile. On the
computational side, careful linear analysis of threshold conditions for the onset of
turbulent phenomena reveal a great deal about the underlying instabilities; however many

key questions demand a proper nonlinear treatment.
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Figures Captions

Figure 1

Full wave simulation of the intensity of launched and reflected microwaves from an
initial Gaussian profile beam at 115 GHz in a JT-60U plasma (a). Density fluctuations of
0.5% are imposed on the plasma reflecting layer. An enlargement of the reflecting region
is shown in (b). Corrugations in the fringe pattern of incoming and outgoing waves are

induced by the imposed density fluctuations at the cutoff layer.

Figure 2

The evolution of plasma parameters during the formation of the internal transport barrier
in JT-60U with (a) the evolution of the plasma current and neutral beam heating power;
(b) the central ion temperature at two radii; and (c) the buildup of the core plasma density
during the evolution of the transport barrier. The red arrow in (c) corresponds to the
trajectory of the X-mode reflecting layer at 115 GHz throughout the discharge. The
discharge parameters are: Toroidal field 3.5 T, plasma current 1.3 MA, major radius 3.2

m, minor radius 0.96 m.

Figure 3

(a) Spectrum of reflected waves just after high power beam injection; (b) reflectometer
correlation vs. radial separation of reflecting layers at different times through the
discharge; and (c) radial correlation length of reflectometer signals vs. the density scale

length in the transport barrier from 5.82 s to 6.12 s. Each data point corresponds to a 120

12



ms integration time. The ion temperature stays near 5 keV (p, = 2.5 mm) along the
trajectory of the reflecting position for all these times. Note that the ratio of the
reflectometer correlation length to the density scale length is roughly constant during the
build up of the transport barrier from 5.82 s to 6.12 s (see red arrow in Fig. 2 for

trajectory of reflecting layer).

Figure 4

Radial correlation data together with full wave simulations at two times, before high
power neutral beam heating in (a) and in the fully developed internal transport barrier in
(b). The measured correlations (red squares) are compared to 1-D (solid line) and 2-D
full wave simulations (diamonds). In (a) a density correlation length A, = 20 cm is
inferred consistent with the 1-D and 2-D modeling. The 2-D modeling shows that the
estimated correlation length is only weakly dependent on the choice of the poloidal
(vertical) scale length. In (b) data are shown in red squares, and 1-D modeling results are
shown for k=5 cm™ (solid line) and 8 cm™ (dashed line). 2-D full wave simulations
(diamond) are shown for k, = 5 cm™ and for a range of poloidal scales (ks=0, 2, 5 cm™)
indicating the robustness of the inferred radial scale length to large variations in the
poloidal scale length. The data and 2-D model analysis exhibit a statistical spread

indicated by the inset error bar.

Figure 5

Inferred density fluctuation level (blue) and the plasma density profile (red) in the target

plasma (a) and in the internal transport barrier plasma (b) compared to the calculated

13



linear growth rate (bottom) using the FULL code without rotation (purple) and with
rotation (green). The calculated linear growth rate is only plotted in the region where
there are reflectometer measurements. The yellow shaded regions indicate the radial

extent of linearly unstable modes calculated with rotation.
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